Reliable estimates of dry-rock elastic properties are critical to the accurate interpretation of the seismic response of hydrocarbon reservoirs. We describe a new method for estimating elastic moduli of rocks in-situ based on the simulation of mud-filtrate invasion effects on resistivity and acoustic logs.
Estimation of Dry-Rock Elastic Moduli Based on the Simulation of Mud-Filtrate Invasion Effects on Borehole Acoustic Logs

Introduction
As the industry continues to make use of seismic amplitude measurements to construct reservoir flow models and to monitor fluid movement between wells, fluid substitution calculations are becoming more routine and prevalent. Fluid substitution is used to predict elastic properties of reservoir rocks saturated with one fluid from the elastic properties corresponding to a different state of fluid saturation. The most widely used fluid substitution procedure is based on Gassmann's (1951) equations, which predict velocity changes resulting from variations of pore-fluid saturation. Although Gassmann's equations are widely popular in commercial software packages, they have a significant, albeit often overlooked: equations inherently depend on a priori knowledge of dry-rock bulk modulus and shear rigidity, two parameters that are not easily derivable from well-log data without further modeling. Inaccurate estimates of these parameters can lead to unrealistic fluid effects on predicted compressional and shear-wave velocities. Hamilton (1971) proposed an implicit relation for estimating the dry-bulk modulus. Thomsen (1985) introduced an iterative method on the basis of his Biot-consistent model theory that models the elasticity of rocks at low (seismic) frequency, while Zhu and McMechan (1990) described an explicit, generalized formulation for estimating the bulk modulus directly from Biot's theory. Wang (2000a) performed experiments comparing Gassmannpredicted results to laboratory data. He observed that predicted Gassmann effects of fluid displacement on seismic velocities only agreed well with laboratory measurements when the rock's skeleton properties used as input to Gassmann's equation were measured at irreducible water saturation. Han and Batzle (2004) pointed out that the matrix modulus k matrix can vary widely depending on mineral composition, distribution of the mineral grains in the matrix, and in-situ conditions. They reported that, in shaly sandstones, the matrix modulus decreases by approximately 1.7 GPa per 10% increase of clay content. Dvorkin et al. (2007) proposed a method of making Gassmann's equations applicable to shaly sandstone by treating the porous wet shale as part of the solid grain material and then excluding the porosity within the shale from total porosity. Engelmark (2002) examined the error propagation in Gassmann's modeling and concluded that the bulk modulus of the saturated rock, k sat , is most sensitive to errors in k dry , less sensitive to porosity, and least sensitive to errors in the matrix modulus, k matrix , and fluid bulk modulus, k fl , thus highlighting the importance of accurate and reliable estimates of dry-rock elastic moduli for further seismic amplitude interpretation studies.
The method introduced in this paper aims at providing reliable estimates of dry-rock elastic moduli in-situ on the basis of the simulation of both mud-filtrate invasion and sonic waveforms. Spatial fluid distributions obtained from the simulation of mud-filtrate invasion are transformed to compressional-wave (P-wave) and shear-wave (S-wave) velocities on the basis of Biot-Gassmann's fluid substitution equations. These velocity distributions-along with the spatial distribution of density-define the Earth model for the simulation of sonic waveforms. The constructed Earth model honors both resistivity and borehole sonic measurements. Specifically, the resistivity match validates the in-situ fluid saturation distribution, while the borehole sonic match serves to validate the estimated rock elastic properties.
We apply this method to a synthetic formation model and two field cases. The synthetic case considers a vertical well penetrating a relatively soft rock formation saturated with gas, oil, and water zones in capillary equilibrium. The first field case involves a vertical well penetrating over-pressured tight-gas sands pertaining to the east Texas Bossier formation subject to water-based mud-filtrate invasion, while the second field case considers a vertical well penetrating unconsolidated shaly sands in a deepwater turbidite system subject to oil-based mud-(OBM-) filtrate invasion.
Estimates of elastic properties obtained with the method introduced in this paper and applied to field measurements are compared to available laboratory core measurements. In all cases to be discussed, the comparisons confirm the value of the proposed iterative method as estimates obtained are within a few percent of core measurements. Fig. 1 is a flow chart of the interpretation method introduced in this paper. It begins with the simulation of the process of mud-filtrate invasion into the rock formation in question. This simulation generates spatial distributions of fluid saturation and salt concentration within the invaded formation. Subsequently, we validate the simulated spatial distribution of fluid saturation by simulating the corresponding resistivity logs and comparing them to actual field measurements. Such a strategy ensures that the simulated spatial distribution of water saturation is a reliable description of in-situ fluid distributions, thereby leading to computed bulk densities that are consistent with the saturation distribution. Thus, it is only after successfully reproducing the borehole resistivity logs that we proceed to simulate the corresponding sonic measurements. Matching the resistivity curves is done by varying the petrophysical properties that govern the process of mud-filtrate invasion, such as porosity, relative permeability, initial water saturation, and capillary pressure. Final values of porosity are obtained from this resistivity match. The validated fluid saturation distribution is then transformed to spatial distributions of P-wave velocity, S-wave velocity, and density using the Biot-Gassmann fluid-substitution equations.
Method
Velocities and bulk densities resulting from the fluid substitution procedure depend on the initial estimate of elastic dry-rock properties. These properties are then systematically adjusted until the simulated borehole sonic measurements match the actual field log.
The relationship that describes how the elastic moduli and density of the saturated rock relate to the corresponding P-wave velocity, S-wave velocity, and bulk density of a porous medium are given by (1) respectively. In the above equations, shear-wave velocity (V s ) depends only on the density ( sat ) of the saturated rock and the shear rigidity ( sat ), while the compressional-wave velocity (V p ) depends on the bulk modulus (k sat ) of the saturated rock and on the shear rigidity and density of the saturated rock. Thus, we observe that V p is dependent on two unknown dry-rock properties, while V s depends only on one of them. With this property in mind, we first seek to estimate sat and use that value as initial point for the estimation of k dry . A brief overview of the theory and limitations of Gassmann's fluid substitution procedure is given below.
Gassmann's Equation.
Gassmann's equation calculates fl uidsaturation effects on the bulk modulus of a porous medium using the known bulk moduli of the solid matrix, the frame, and the pore fl uid. One form of Gassmann's equation that clearly emphasizes fl uid saturation effects is given by where k dry is dry-frame bulk modulus, k matrix is matrix (grain) bulk modulus, k fl is bulk modulus of pore fluid, and is porosity. The density of the saturated rock is obtained by applying mass conservation principles on the elemental constituents of the rock matrix and pore fluids, namely,
where S w is water saturation, brine is density of formation water, hyc is density of the hydrocarbon fluid in the pore space, and matrix is density of the rock matrix. The bulk modulus k fl of a fluid mixture is calculated using Wood's relation (Wood 1955; White 1983 where n is the number of fluid-phase components, S i is the volume fraction of the ith component of fluid phase, and k fi is the bulk modulus of the ith fluid component.
There are several assumptions involved in the derivation of Gassmann's equations:
(1) The rock is macroscopically homogeneous, isotropic, elastic and monomineralic, (2) Pore spaces are interconnected and in pressure equilibrium, (3) Pores are filled with a frictionless fluid, (4) The rock-fluid system under study is closed (undrained), and (5) The pore fluid does not interact with the solid in a way that would soften or harden the rock frame.
Numerical Simulation of Mud-Filtrate Invasion. This step of the interpretation workfl ow begins with the simulation of the process of mud-fi ltrate invasion into the formation. Mud-fi ltrate invasion occurs during drilling because of both overbalanced fl uid pressure and mud circulation. The University of Texas' Formation Evaluation Toolbox (FET), (Wu et al. 2005) , which is a multiphase immiscible fl ow simulator, is used to calculate the fl ow rate of mud-fi ltrate invasion. This fi nite-difference simulator solves the partial differential equations and boundary conditions of immiscible cylindrical fl ow coupled with mudcake growth. In the simulations, both dynamic growth of mudcake and dynamic decrease of mudcake permeability are coupled to formation properties, and this results in a dynamic monotonic decrease of fl uid fl ow into the formation. Details about the numerical simulation of the process of mud-fi ltrate invasion can be found in Wu et al. (2005) . Simulations yield 2D, radial, and vertical directions) spatial distributions of fl uid saturation and salt concentration.
In the case of water-based mud-filtrate invasion, initial permeability estimates used in the simulation are progressively adjusted according to the method described by Salazar et al. (2005) until the simulated array-induction resistivity curves match the corresponding field measurements.
In the presence of OBM, invading mud filtrate is miscible with formation oil, thus causing changes of both fluid density and viscosity, which, in turn, alter the apparent oil-phase mobility in the near-wellbore region. To simulate OBM-filtrate invasion, we consider a simple two-component formulation for the oil phase (OBM and reservoir oil) wherein the components are first-contact miscible. Simulations also consider the presence of irreducible, capillarybound, and movable water. Additional details about this algorithm can be found in Malik et al. (2007) . All mud-filtrate simulations described in this paper assume azimuthal symmetry in formation properties with respect to the axis of a vertical borehole.
FET was used to calculate the flow rate of OBM-filtrate invasion based on mudcake, rock, and fluid properties (Wu et al. 2005) . Multiple simulations were performed with varying mudcake and petrophysical properties, such as relative permeability, wettability, and movable water saturation, to secure a good match between field and simulated resistivity measurements, as described by Malik et al. (2007) .
Array-induction resistivity measurements are simulated from the spatial distribution of electrical resistivity, in turn calculated from the 2D spatial distributions of water saturation and salt concentration by means of Archie's (1942) 
2D Spatial Distributions of Density, P-, and S-wave Velocities. Upon calculating the 2D spatial distribution of fl uid saturation, we perform fl uid substitution using a modifi ed Gregory-Pickett (1993) solution of Biot's equation. This technique enables one to calculate an initial value of the dry-bulk modulus and to impose a fi xed constraint on the dynamic Poisson's ratio specifi c to the rock under consideration. The solution thus found readily lends itself to our purposes because it represents a simple algebraic solution of Biot's equation that can be refi ned iteratively.
The philosophy behind Gregory- Pickett's (1984) solution of Biot's equations is as follows:
(1) With an initial velocity estimate at a given petrophysical state (porosity and saturation), Biot's (1956) equation can be inverted to yield both the bulk modulus and the shear rigidity of the dry rock, (2) As long as porosity remains the same, these dry elastic parameters (the dry-bulk modulus and the shear rigidity) remain unchanged even if water saturation varies, (3) However, if the porosity is changed the dry rock exhibits new elastic parameters that are updated using a variation of Pickett's equation for estimating the dry-rock modulus (Wyman 1982) .
For the purposes of this paper, we modify the above procedure slightly to begin with an estimate of the dry-bulk modulus, invert the compressional-wave velocity (V p ), and subsequently calculate the shear-wave velocity (V s ). This procedure is carried out radially for varying fluid saturations (porosity is assumed constant in the radial direction) to obtain spatial distributions of P-and S-wave velocities, and densities that are used as input for sonic waveform simulation. The Appendix provides a step-by-step summary of the above procedure.
Numerical Simulation of Borehole Sonic Measurements. With the calculated 2D spatial distributions of V p , V s , and , sonic waveform simulations were carried out with the University of Texas at Austin's Borehole Sonic Modeling Toolbox. This toolbox simulates fullwave time-domain sonic measurements acquired in axial-symmetric media. It assumes that the vertical well penetrates horizontal layers that consist of multiple radial zones (including the borehole) similar to those of mud-fi ltrate invaded formations. Numerical simulation is performed with a fi nite-difference discretization scheme in space and time of the velocity-stress wave equation in cylindrical coordinates (Chi et al. 2006) . We simulate Schlumberger's Dipole Shear Sonic Imager (DSI) measurements, which consist of an array of eight receivers spaced 6 in. apart, and model waveforms excited by both monopole and lower-dipole transmitters. First, we simulate sonic waveforms assuming radial variations of V p , V s , and . This procedure requires an average of saturation values vertically along the length of the receiver array before calculating the radial profi le of sonic velocities and densities by means of fl uid substitution. The value assigned to each depth point is taken to be at the geometric center of the receiver array. Simulated sonic waveforms are processed with slowness-time coherence (STC) and dispersion analysis to extract the corresponding shear-wave slowness/velocity. Dispersion analysis in the frequency domain is used to ensure that the extracted S-wave velocity/slowness is at the asymptoting value of the fl exural wave velocity/slowness, which approximates the Swave velocity/slowness for dipole excitation. If the extracted S-wave velocity/slowness does not match the fi eld measurements, then the estimate of k dry is adjusted, and, once again, we generate spatial distributions of V p , V s , and from fl uid substitution, and simulate new sonic waveforms. This process is repeated until we converge to a value of k dry from which the simulated S-wave velocity/slowness reproduces the measured S-wave velocity/slowness. As we initially imposed a constraint on Poisson's ratio, we also obtain a corresponding estimate of dry . This calculated value of shear rigidity ( dry ) is fi xed and taken to be the estimate for the formation at the logging depth under consideration.
With the converged value of shear rigidity ( dry ), we no longer require an initial estimate of dynamic Poisson's ratio ( d ) to link dry-bulk modulus (k dry ) and shear rigidity ( dry ).We then perform Gassmann's fluid substitution in which the only unknown parameter is now the dry-bulk modulus (k dry ). As indicated earlier, such a procedure generates spatial distributions of velocities and density for which we perform the simulation of sonic waveforms. At this point, the result of the simulation is processed to extract the P-wave velocity/slowness. If the extracted P-wave velocity/slowness does not match the field measurements, then the estimate of k dry is adjusted, and, once again, we construct spatial distributions of V p , V s , and , and simulate the corresponding sonic waveforms to extract a new P-wave velocity/slowness. The process is repeated until we converge to a final estimate of k dry for which the simulated P-wave velocity/slowness reproduces the measured P-wave velocity/slowness.
The above procedure yields final estimates of dry-bulk modulus (k dry ) and shear rigidity ( dry ) with the dynamic Poisson ratio ( d ) computed from these two values by means of their elastic relations.
Case Studies
We apply the above estimation method to three different cases. The first case considers a synthetic clastic rock formation, while the remaining two cases consider field data sets in which core laboratory measurements are available.
Case 1: Clean Sand Interval With Gas, Oil, and Water Zones in Capillary Equilibrium, Invaded With Water-Based Mud. We consider a clean sandstone interval that consists of four distinct petrophysical layers of equal thicknesses. The top-most layer (Layer 1) is a high-porosity, gas-saturated layer, while Layers 2 and 3 are saturated with oil, with Layer 3 being of higher porosity than Layer 2. A water/oil contact marks the beginning of the low-porosity bottom layer (Layer 4). This model was constructed using FET. Table 1 summarizes the formation properties for this interval.
We undertake the estimation method on this synthetic formation to ascertain the accuracy and reliability of the estimation procedure with synthetic data sets devoid of noise, in a clean mono-mineralic interval, and with complete knowledge of formation properties. The objective is to quantify the accuracy of the method across regions of varying porosity and differing pore-fluid saturation (gas, oil, and water), with no external interference on the quality of the borehole measurements.
Simulation of the process of water-based mud-filtrate invasion is carried out with an initial reservoir pressure of 5,000 psi, with both water saturation and pressure in capillary equilibrium. Initial water saturation in each layer decreases away from the water/oil contact, and the layers are in hydraulic communication with one another, thus, permitting crossflow across them, while permeability is anisotropic. Table 2 summarizes the mudcake, fluid, and formation properties, and the numerical parameters used in the simulation of mud-filtrate invasion. Fig. 2 shows the 2D spatial distributions of water saturation, salt concentration, and electrical resistivity resulting from the simulation of mud-filtrate invasion into the synthetic four-layer formation, 2 days after the onset of invasion. Fig. 3 shows the corresponding spatial distributions of V p , V s , and calculated from fluid substitution. On the basis of the spatial distributions shown in Fig. 2 , we proceed to simulate Schlumberger's Array Induction Tool (AIT) resistivity measurements using the FET. To demonstrate the reliability of the method, we attempt to reproduce these resistivity logs by assuming no knowledge of layer properties and matching the resistivity logs by estimating the underlying layer petrophysical properties and simulating the process of mud-filtrate invasion. Fig. 4 displays the final match between simulations and measurements.
The good match of measured apparent resistivity curves validates the spatial distribution of water saturation. We proceed to conduct fluid substitution to generate synthetic field borehole acoustic logs on the basis of the original water saturation distribution used in the simulation of synthetic resistivity curves. Fluid substitution is performed using the given dry-bulk and shear moduli of each layer (Table 1) , whereby we generate spatial distributions of V p , V s , and . We then simulate the corresponding borehole sonic waveforms at the center of each layer, to arrive at synthetic borehole sonic measurements (Fig. 5) . Sonic simulations are performed assuming the DSI tool. The subsurface model for this example was designed with layers thick enough to ensure that the length of the sensor array was shorter than the thickness of the bed. In so doing, we ensured that both the source and the receiver array were in the same bed when we simulated the log reading at the center of the bed, thereby eliminating the need to consider shoulder-bed effects.
We now proceed to match synthetic logs with the simulated borehole acoustic measurements obtained using estimates of drybulk elastic modulus. To that end, we first seek to converge to the value of S-wave velocity/slowness.
Using the modified Gregory-Pickett solution of Biot's equation, with an initial estimate of k dry = 6 GPa, and averaging the saturation profile vertically across the length of the receiver array, we obtain radial distributions of V p , V s , and at every logging point of interest. Fig. 6 shows these radial distributions at the depth of 3,972.5 ft, while Fig. 7 shows the simulated sonic waveforms with an improved estimate of k dry = 10.2 GPa. From the STC results, a slowness value of 151 s/ft is extracted as the S-wave slowness (Fig. 8) . This value of slowness matches the synthetic field logs, whereupon we fix the corresponding shear rigidity value ( dry = 10.4 GPa), remove the constraint on Poisson's ratio and perform Gassmann's fluid substitution again, except that this time the only unknown property is k dry . After multiple iterations, we finally converge to an improved value of k dry = 9.5 GPa that matches the field P-wave slowness of 91s/ft. Table 3 summarizes the final dry-rock properties together with the field and simulated slownesses.
Case 2: Unconsolidated Shaly Sand Invaded With OBM. We consider a well located in the deepwater Gulf of Mexico, whose sedimentary structure has rippled stratifi cation, clay laminations, and large sand intervals with moderate to good grain sorting (Malik et al. 2007) . Porosity values range between 20 and 35%, and per- Fig. 2) for the synthetic unconsolidated sand of Case 1 (the corresponding layer bulk moduli are given in Table 1 ). meability between 10 and 2,500 md. Various clay minerals present in the rock matrix include illite/smectite, illite/mica, and kaolinite and chlorite in minute amounts.
For Case 2, we use the estimation method on actual data sets acquired in shaly sands. Here, the quality of acoustic log measurements is not very good and borehole conditions vary significantly across the interval. These conditions present an adverse real-world situation in which to test the reliability of our estimation method.
The analysis is performed on a depth section that is partially oil-saturated with moveable water. Full petrophysical assessment of this interval can be found in Malik et al. (2007) .
Simulation of OBM-filtrate invasion was carried out with a compositional simulator to calculate the spatial distribution of water saturation because of invasion. A simple binary formulation to describe both mud-filtrate and formation oil was used in which the components of OBM-filtrate and formation oil were lumped into two pseudocomponents. Fig. 9 shows the spatial distributions of water saturation and electrical resistivity calculated 3 days after the onset of invasion. Because of the shaliness of the sands, Waxman and Smits (1968) formulation is used to convert the spatial distribution of water saturation to electrical resistivity. Fig. 10 shows the corresponding spatial distributions of V p , V s , and calculated from fluid substitution with an initial estimate of k dry = 4 GPa, while Fig. 11 shows the radial distributions obtained by averaging the water saturation and shale concentration values vertically across the length of the receiver array. Borehole AIT resistivity measurements were simulated on the basis of the water saturation distribution obtained from the simulation of mud-filtrate invasion using the FET. Matching field and simulated resistivity logs was achieved by modifying the dominant petrophysical and fluid properties on the simulation of mud-filtrate invasion. Details of this procedure can be found in the paper by Malik et al. (2007) . Fig. 12 compares field and simulated array-induction resistivity curves, indicating a good-quality match.
Because of presence of shale laminae in this depth interval, the fluid substitution procedure is modified by adopting the method outlined by Dvorkin et al. (2007) . Volumetric concentration of shale is computed across the depth interval, together with assessment of shale porosity. Subsequently, we exclude the porosity within the shale so that the porosity used in Gassmann's equations is nonshale porosity. As fluids can only be substituted in the effective pore space, we also calculate effective water and hydrocarbon saturation, respectively. It is also necessary to calculate an effective fluid bulk modulus because the mixing of formation water and hydrocarbon is confined to the effective pore space. The dryframe modulus of the rock matrix is modified to account for the new composite matrix of quartz and wet clay, which is achieved by taking the arithmetic average of Voigt and Reuss' bounds (Hill 1952) . These changes allow us to arrive at an initial estimate of dry-effective bulk modulus, which is subsequently used in the fluid substitution procedure. Fig. 13 shows the resulting sonic waveforms after dipole simulation at a depth of XX252 ft with an initial estimate of k dry = 4 GPa. This latter estimate was subsequently adjusted to a final value of k dry = 3.3 GPa, and dry = 3.4 GPa that led to a S-wave slowness that matched the log value of 252 s/ft, following STC and dispersion analysis. Table 4 describes the parameters assumed in the simulation of sonic waveforms for all three cases.
After fixing the value of dry and removing the constraint on Poisson's ratio, we perform fluid substitution to obtain an improved estimate of k dry = 4.3 GPa that entails a good match between field and simulated P-wave slownesses. Fig. 14 shows the STC plot used to extract this simulated P-wave slowness. The above procedure is applied at several logging depths throughout the interval. Table 5 summarizes the final dry-rock properties. Case 3: Overpressured Tight-Gas-Sand Formation Invaded With Water-Based Mud. This north Louisiana tight-gas sand formation consists of very fi ne-to fi ne-grained sandstone, shale, and some sandy, fossiliferous oolitic limestone (Finley 1984) . Rock units present in this formation are texturally mature quartz arenites and subarkose sands (McGowen and Harris 1984) . Geological cross sections throughout the formation evidence a thick, sand-dominated wedge of sediments mainly consisting of braided stream deposits. This formation provides a different petrophysical environment for testing. Specifically, the nature of the formation leads to shallow radial lengths of invasion. In addition, presence of in-situ gas warrants another fluid substitution variable for which to test the method.
Petrophysical analysis of the well-log data was documented by Salazar et al. (2006) . Fig. 15 shows the 2D spatial distributions of water saturation, salt concentration, and resistivity after 2 days of invasion across the zone of interest, while Fig. 16 shows the corresponding spatial distributions of V p , V s , and calculated from fluid substitution with an initial estimate of k dry = 21.5 GPa. Fig. 17 compares simulated Schlumberger resistivity logs (AIT) to measured Halliburton High-Resolution Induction (HRI) resistivity logs. At present, we do not have the capability to simulate HRI logs: hence, we do not expect an accurate match of resistivity logs. However, for the purposes of this paper, we believe that simulations agree well with measurements and, hence, satisfactorily reproduce the invaded and virgin radial zones. Fig. 18 shows the radial distributions of V p , V s , and obtained by averaging the saturation values vertically across the length of the receiver array. These plots indicate a radial length of invasion of approximately 1.5 ft. Fig. 19 shows the simulated sonic waveforms for dipole excitation at this depth with an initial guess of k dry = 21.5 GPa. The latter initial estimate was subsequently refined to a value of k dry = 29 GPa, and dry = 29.5 GPa to obtain an S-wave slowness that matches the log value of 93.2 s/ft. Fig. 20 shows the corresponding slowness-time coherence plot for these estimates. Dispersion analysis was performed to ensure that the flexural wave velocity/slowness measured at the logging frequency of 4 kHz was close enough to its low-frequency asymptotic value (Fig. 21) . Table 4 specifies the properties of the sonic tool assumed in the simulations. Because of the hardness of this formation, dipole simulations were used to extract the shear-wave velocity/slowness, while monopole simulations were used to extract the compressional-wave velocity/slowness.
Next, by removing the constraint on Poisson's ratio and fixing the value of dry , we perform fluid substitution with the only unknown being k dry . After multiple iterations, we converge at an improved estimate of k dry = 26 GPa that leads to a simulated P-wave slowness of 62.5 s/ft that, in turn, matches the simulated P-wave μ μ slownesses with the log value. Fig. 22 compares the final estimated dry-bulk modulus to laboratory measurements performed on core samples. At depths close to those of the cored samples, we observe that that the estimated moduli are close to laboratory measurements. The k dry estimates lie between laboratory measurements performed at 1,000 and 3,000 psi of confining pressure.
Discussion and Conclusions
We introduced and successfully implemented a new method to estimate the in-situ dry-bulk modulus and shear rigidity of reservoir rocks. The method consists of simulating the process of mud-filtrate invasion and the corresponding effect on borehole acoustic and resistivity measurements. From the results of Case 1, we observe that the percent error of the estimates ranges from 0.12-6.25%. The gas-saturated zone accounted for the largest error in the estimates of both k dry and dry , while the lowest error was obtained in the high-porosity oil-saturated zone where the resistivity match was good. In Case 2, the estimation method was applied to an unconsolidated sand interval with shale laminae in the presence of OBM-filtrate invasion. Table 5 lists the final estimates obtained in this interval, while Table 6 describes the results from multistage compressional tests performed on core samples. By comparing the values of Poisson's ratio, we observe that, at depths where the measurements are completely contained within the sand interval, the estimated Poisson's ratio compares well to laboratory results obtained from a similar clean sand interval at low values of confining pressure. It is important to note that even though we accounted for presence of shale in Biot-Gassmann's fluid substitution, dry-rock moduli extracted in pure shale zones are not guaranteed to be indicative of lithology. This behavior is probably because of the fact that the reliability of our estimates depends on the Fig. 15) for the tight-gas sand formation of Case 3, using an estimate of k dry = 21.5 GPa. integrity of borehole acoustic measurements. Borehole conditions in the shale intervals were not good, whereupon the logs measured in those zones remain questionable. In general, the reliability of estimates of elastic moduli is highly dependent on the accuracy and reliability of the measured acoustic logs. Table 7 summarizes the parameters and properties assumed in Case 2.
Comparison of Measured and Simulated Logs
In Case 3, we considered a clean tight-gas sand formation invaded with water-based mud. Table 8 describes the final dry-rock elastic properties estimated in this well, while Table 9 summarizes the corresponding laboratory measurements at similar depths where rock core samples were retrieved. The value of k dry reported in Table 8 (Fig. 22) . By comparing the estimates of elastic moduli to core measurements, we observe that the estimates of k dry are closer to laboratory measurements than the estimates of dry . Table 10 summarizes the parameters and properties assumed in Case 3. On the basis of estimation results from the three cases discussed here and as suggested by the comparison to core measurements, we conclude that our iterative method for estimating dry-bulk elastic moduli yields reliable results in field cases.
Nomenclature E = Young's modulus, GPa k b = bulk modulus (laboratory measured), GPa k dry = dry-frame bulk modulus, GPa k fi = bulk modulus of ith fl uid component, GPa k fl = fl uid bulk modulus, GPa k matrix = matrix (grain) bulk modulus, GPa k sat = bulk modulus of fl uid-saturated rock, GPa K r = radial permeability, md K v = vertical permeability, md M = P-wave modulus, GPa nr = number of radial nodes nz = number of vertical nodes 
